Efficient single-pass second-harmonic generation (SHG) of tunable high-repetition-rate picosecond pulses into the blue is reported in the nonlinear crystal BiB 3 O 6 . Using 2.4 ps fundamental pulses from a modelocked Ti:sapphire laser at 76 MHz and a 10 mm crystal cut for type I ͑e + e → o͒ phase matching in the optical yz plane, second-harmonic average powers as high as 990 mW with excellent stability have been generated at 52% conversion efficiency, and a tunable range of 370-450 nm is demonstrated. From measurements of single-pass SHG in the continuous-wave regime an effective nonlinear coefficient of 3.7 pm/ V has been verified for BiB 3 For frequency conversion of continuous-wave (cw) lasers or low-intensity high-repetition-rate pulses, material requirements become substantially more stringent. The low available intensities necessitate higher material nonlinearity to compensate for reduced gain, and the added requirements for tight focusing and long interaction length place further demands on the material for large angular acceptance bandwidths, low spatial walk-off, and often a noncritical phase-matching capability.
The development of new nonlinear crystals with improved optical characteristics is of vital interest for a wide range of frequency-conversion devices and applications. Over the past decade a large number of birefringent materials including ␤-BaB 2 O 4 (BBO), LiB 3 O 5 (LBO), and KTiOPO 4 (KTP) have been successfully developed and utilized in a variety of nonlinear optical applications. For visible and UV generation, BBO and LBO have been established as materials of choice because of their deep UV transparency, high optical damage threshold, low cost, and ready availability. However, their relatively low effective nonlinearities ͑d eff ϳ 1-2 pm/V͒ render BBO and LBO particularly suitable for applications that involve high pulse energies or limited phasematching geometries.
For frequency conversion of continuous-wave (cw) lasers or low-intensity high-repetition-rate pulses, material requirements become substantially more stringent. The low available intensities necessitate higher material nonlinearity to compensate for reduced gain, and the added requirements for tight focusing and long interaction length place further demands on the material for large angular acceptance bandwidths, low spatial walk-off, and often a noncritical phase-matching capability.
Bismuth triborate, BiB 3 O 6 (BIBO), is a nonlinear material with interesting optical properties for frequency conversion in the visible and the UV. [1] [2] [3] It has an optical transmission range from ϳ280 nm in the UV to ϳ2.7 m in the IR. While the UV transmission cutoff of BIBO occurs at a longer wavelength than in BBO and LBO, it offers substantially larger optical nonlinearity, comparable with KTP. As a biaxial crystal, BIBO also exhibits versatile phase-matching properties and broadband angle tuning at room temperature. 3 Since the first studies of the linear optical properties of BIBO, 2 a number of frequency-conversion experiments have been reported with this material. These include internal second-harmonic generation (SHG) of cw radiation at 1.06 m, 4 single-pass SHG of a high-intensity pulsed laser at 1.06 m,
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Q-switched internal SHG at 1.06 m, 6 internal frequency doubling of a cw 946 nm Nd:YAG laser, 7 and photoinduced SHG in partially crystallized BIBO glass. 8 Recently, we also reported efficient single-pass SHG of femtosecond pulses in the blue in BIBO, 9 and presented detailed studies of the SHG properties of this material. 3 The high peak intensities of femtosecond pulses in our earlier experiments allowed us to use interaction lengths as short as 0.4-1.4 mm without the onset of spatial walk-off or angular acceptance bandwidth limitations. We were able to achieve average powers as high as 830 mW at Ͼ50% efficiency. Here we demonstrate that such high average powers and efficiencies can also be achieved in BIBO with low-intensity, high-repetition-rate picosecond pulses. This is generally the most difficult operating regime in the pulsed format, where low pulse energies (a few nanojoules) and low intensities (a few kilowatts) place several additional and more stringent demands on the material with regard to effective nonlinearity, spatial walk-off, and angular acceptance for phase matching, which hamper single-pass conversion at practical powers and high efficiencies.
As reported in our previous studies, 3 the flexibility offered by the structural symmetry of BIBO provides several phase-matching possibilities for SHG in the three principal optical planes. The most interesting planes are xz and yz, which offer the highest effective nonlinearity under type I interaction, as is shown in Fig. 1 , where the calculated effective nonlinearity of BIBO in this phase-matching geometry is also compared with that of uniaxial BBO under type I interaction ͑o + o → e͒. From the figure it is evident that BIBO offers substantially higher effective nonlinearities than BBO for almost all fundamental wave-lengths. In particular, type I ͑e + e → o͒ interaction in the yz plane yields a maximum value of d eff ϳ 3.4 pm/ V for angles 90°Ͻ Ͻ 180°. 2 In addition, BIBO also offers substantially lower spatial walk-off, which is of great advantage for lowintensity SHG. In Fig. 2 we compare the walk-off angle under type I SHG in the xz and yz planes of BIBO with type I interaction in BBO; it is clear that, across the entire fundamental phase-matching range, BIBO offers substantially lower spatial walkoff than BBO.
Finally, BIBO offers increased angular acceptance for SHG. This is shown in Fig. 3 , where the FWHM angular acceptance bandwidth of BIBO under type I SHG in the xz and yz planes is compared with that of type I BBO. Again, the superior performance of BIBO compared with BBO is clearly evident across the entire phase-matching range. The higher angular acceptance in BIBO increases the tolerance of phasematching to tight focusing (or to poor spatial beam quality) of the fundamental in the SHG process.
The BIBO crystal used in this experiment was 10 mm in length and 3 mm ϫ 10 mm in aperture. It was cut for type I phase matching ͑e + e → o͒ in the optical yz plane ͑ = 90°͒ at an internal angle = 152.8°at normal incidence, corresponding to SHG at a fundamental wavelength of ϳ820 nm. The crystal end faces had antireflection coating ͑R Ͻ 2%͒ centered at 800 and 400 nm.
The fundamental pulses were derived from a picosecond Ti:sapphire laser. The fundamental pulse length, deduced from autocorrelation measurements in a 400 m BIBO crystal, was 2.4 ps. The laser delivered Ͼ1.9 W of average power at a 76 MHz repetition rate and was tunable from 740 to 900 nm. Owing to the low transmission loss of antireflection-coated optics ͑R Ͻ 1%͒, the maximum average fundamental power of ϳ1.9 W, corresponding to a pulse energy of ϳ25 nJ and a peak power of ϳ10.4 kW, was also available at the input to the crystal.
The highest SHG output power and efficiency were obtained with a focused beam waist radius w 0 =50 m. The results at a SHG wavelength of 410 nm, corresponding to normal incidence, are shown in Fig.  4 . The maximum SHG average power obtained was 990 mW for 1.9 W of input fundamental power, corresponding to a conversion efficiency of ϳ52%. The highest efficiency was 54%, obtained at a fundamental power of 1.6 W, but for higher input powers there was evidence of saturation in efficiency, with the value remaining above 50%. We attribute the saturation behavior to the possible onset of two-photon ab- sorption in the crystal, and this possibility is currently under study.
The SHG output power was highly stable for all input fundamental powers, with a peak-to-peak fluctuation of Ͻ2%. We tuned the second-harmonic output from 370 to 450 nm by altering in the yz plane while we varied the fundamental wavelength. We were able to obtain SHG powers of Ͼ500 mW at efficiencies close to 50% across the entire tuning range, despite the increase in the reflection loss from the antireflection-coated crystal faces, variation in the effective nonlinearity, and reduction in the available fundamental power away from the center of the Ti:sapphire tuning range.
We also compared the performance of BIBO with that of BBO under type I ͑o + o → e͒ phase matching. We used a 10 mm BBO crystal cut at = 28.5°for SHG at ϳ820 nm at normal incidence and measured the SHG power and efficiency under identical conditions. Because of strong backreflection from the uncoated BBO end faces into the laser, we were unable to deploy higher fundamental powers than 1.5 W at the crystal, even with the use of an optical isolator. As a result, the SHG data for BBO could be obtained only to the 1.5 W upper limit. Nevertheless, at all fundamental powers we obtained higher SHG power for BIBO than for BBO for the same crystal length. At 1.5 W of input power we obtained a SHG power of 410 mW in BBO, after correction for the reflection loss at the crystal faces, representing a conversion efficiency of 27.3%. The SHG power generated in BIBO at 1.5 W of input power was 750 mW, corresponding to an efficiency of 50%. The SHG power enhancement of 22.7% is larger than that in the femtosecond regime 9 and will be further increased at the full fundamental power of 1.9 W. This result confirms the superior performance of BIBO over BBO, particularly for SHG of low-intensity picosecond pulses.
In separate experiments, we directly determined the magnitude of the effective nonlinear coefficient in BIBO from measurements of SHG power in the nondepleted regime at 820 nm by using the Ti:sapphire laser in cw operation. We deployed long focusing to yield an effective length of focus (L f = b /2 = 132.7 cm, where b is the confocal parameter) much greater than the crystal length and used a 4 mm crystal to have an aperture length ͑L a = 1/2 w 0 / = 10.1 mm͒ longer than the crystal length to use the appropriate relation for the calculation of d eff . 10 For increased accuracy we also recorded the SHG power for several different fundamental powers and calculated a mean value for d eff from the fit to the data. Using the above values, a walk-off angle = 58 mrad, and a measured fundamental beam waist radius of w 0 = 332 m inside the crystal, we obtained d eff = 3.7 pm/ V for type I ͑e + e → o͒ phase matching in the optical yz plane. This is larger than the value of 3.2 pm/ V reported previously for the Maker fringe technique. 2 Temporal characterization of the blue pulses was performed using autocorrelation measurements in a 200 m BBO crystal ͑ =80°͒ with a GaAsP detector. Background-free intensity and interferometric autocorrelations were obtained, with a typical intensity autocorrelation profile shown in Fig. 5 . The measurement was performed at 415 nm, because of the phasematching cutoff in the BBO crystal near the normalincidence wavelength of 410 nm. The pulse duration deduced from the autocorrelation profile is 2.8 ps for fundamental pulses of 2.4 ps, indicating some broadening due to the combined effects of group-velocity dispersion (154 fs 2 / mm at 830 nm, 400 fs 2 /mm at 415 nm) and mismatch ͑380 fs/ mm͒ in the 10 mm BIBO crystal. 3 In conclusion, we have demonstrated nearly 1 W of average power in high-repetition-rate picosecond pulses with wide tunability in the blue by using single-pass SHG in BIBO. We have reported measurements of the effective nonlinear coefficient of BIBO and obtained a d eff = 3.7 pm/ V. Our results clearly confirm the superior performance of BIBO over BBO for SHG of low-intensity picosecond pulses in the visible and near ultraviolet M. Ebrahim-Zadeh (majid.ebrahim@icfo.es) gratefully acknowledges personal support from the Institucio Catalana de Recerca I Estudis Avancats, Spain.
